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RESEARCH MEMORANDUM 

HIGH-ALTITUDE PERFORMANCE OF J71-A-11 TURBOJET ENGINE AND 

ITS COMPONENTS USING Jp-4 AND GASEOUS-HYDROGEN FUELS" 

By Ivan D. Smith and Martin J. Saari  

SUMMARY 

As p a r t  of an invest igat ion of the 571-A-11  (600-B36) turbojet. engioe 
conducted i n  an a l t i t u d e  wind tunnel,  data  were obtained t o  determine t h e  
component and over-al l  engine performance up t o  t h e  a l t i t u d e  l i m i t  imposed 
by the  use of MU;-F-5624A, grade JP-4, f u e l .  
tended t o  higher a l t i t u d e s  by the  use of gaseous-hydrogen f u e l .  

These da ta  were then ex- 

Engine operation with JP-4 f u e l  a t  a f l i g h t  Mach number of 0.8 was 
s a t i s f a c t o r y  up t o  an a l t i t u d e  of about 60,000 t o  65,000 feet, and engine 
operation with marginal combustion s t a b i l i t y  w a s  maintained up t o  an a l -  
t i t u d e  of about 80,000 f e e t .  
s a t i s f a c t o r y  engine operation up t o  the f a c i l i t y  operating l i m i t  of about 
89,000 feet .  

The use  of gaseous-hydrogen f u e l  provided 

Operation with JP-4 f u e l  a t  an a l t i t u d e  of 80,000 f e e t ,  a f l i g h t  Mach 
number of 0.8, and ra ted  engine conditions resu l ted  i n  a decrease i n  net  
t h r u s t  of 21.5 percent and an increase i n  spec i f ic  f u e l  consumption of 26 
percent from t h e  values t h a t  would have been obtained had the re  been no 
loss i n  t h e  performance of t h e  components with a l t i t u d e .  
gaseous-hydrogen f u e l  a t  t h e  same operating conditions, t h e  net  t h r u s t  
was approximately 4 percent greater  than t h a t  obtained with Jp-4 f u e l  be- 
cause of t h e  increased gas constant of the  gaseous-hydrogen exhaust prod- 
uc t s .  The spec i f i c  f u e l  consumption with gaseous-hydrogen f u e l  w a s  about 
60 percent lower than t h a t  with JP-4 fuel ,  pr imari ly  because of t h e  higher 
heat ing value of hydrogen. 

When using 

INTRODUCTION 

The requirement t h a t  mi l i t a ry  a i r c r a f t  f l y  higher and f a r t h e r  has 
l ed  t o  inves t iga t ions  of t h e  performance of t u rbo je t  engines up t o  t h e  
a l t i t u d e  limits imposed by t h e  combustion of hydrocarbon f u e l s .  
means of fu r the r  meeting t h i s  requirement, t h e  a l t i t u d e  and range l i m i t s  
imposed by hydrocarbon f u e l s  a r e  being extended by t h e  use of higher 
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energy fue l s .  
using liquid-hydrogen fue l  i n  severa l  engine and a i r c r a f t  types.  The ex- 
perimental r e s u l t s  when using hydrogen f u e l  i n  two current  t u rbo je t  en- 
gines are  described i n  reference 2.  

Reference 1 indica tes  t h e  t h e o r e t i c a l  gains possible  when 

A s  p a r t  of an invest igat ion of t h e  J71-A-11 (600-B36) tu rbo je t  en- 
gine conducted i n  an a l t i t u d e  wind tunnel  a t  t h e  NACA Lewis  laboratory,  
data  were obtained t o  determine t h e  component and over -a l l  engine per-  
formance up t o  t h e  maximum a l t i t u d e  permitted by t h e  combustion l i m i t s  of 
MIL-F-5624AY grade JP-4, f u e l .  The performance evaluation w a s  extended 
t o  t h e  f a c i l i t y  a l t i t u d e  l i m i t  (about 89,000 f t )  by t h e  use of gaseous- 
hydrogen f u e l .  Engine operating l i m i t s ,  compressor s t a l l  l i m i t s ,  and 
component and over-al l  engine performance are presented here in  f o r  t h e  
range of a l t i t u d e  conditions invest igated with each of t h e  f u e l s .  The 
data a re  a l so  presented i n  a form t o  permit computation of engine and 
component performance at operating conditions other than those spec i f i ca l -  
l y  investigated,  and t h e  method of such computation i s  i l l u s t r a t e d .  

Engine 

3 The J71-A-11 (600-B36) tu rbo je t  engine has a length of 191, inches, 
5 1 

a maximum height of 478 inches, and a maximum w i d t h  Of 395 inches. 

f r o n t a l  area based on the  compressor t i p  diameter i s  6.12 square f e e t .  
The dry weight of t he  engine and i t s  accessories  i s  about 4450 pounds. 
The manufacturer's s t a t i c  sea- level  mi l i t a ry  performance r a t i n g  i s  9700 
pounds of t h rus t  with a spec i f i c  f u e l  consumption of 0.88 pound per  hour 
per pound of t h r u s t  a t  an engine speed of 6100 rpm and a turb ine-out le t  
temperature of ll5Oo F . 

The 

The engine cont ro l  schedules t h e  compressor accelerat ion bleeds t o  
be open, t he  i n l e t  guide vanes t o  be closed, and t h e  exhaust nozzle t o  
be open a t  engine speeds below 5300 rpm. A t  5300 rpm, t h e  compressor ac- 
ce le ra t ion  bleeds close,  t he  i n l e t  guide vanes open, and t h e  exhaust noz- 
z l e  begins t o  c lose according t o  a predetermined schedule with engine 
speed. During t h i s  invest igat ion,  however, t he  i n l e t  guide vanes, com- 
pressor accelerat ion bleeds, and t h e  exhaust nozzle were independently 
controlled.  
da ta  reported herein.  

The compressor acce lera t ion  bleed por t s  were closed f o r  a l l  

The J 7 1 - A - 1 1  tu rboje t  engine has several  minor a i r f low bleeds.  
include the  compressor accelerat ion bleed t h a t  w a s  discharged overboard, 
t h e  mid-frame and aft-frame vent flows t h a t  were s e a l  leakages and d i s -  
charged overboard, and t h e  turb ine  cooling a i r  bled from t h e  o u t l e t  of 
t h e  compressor and discharged between t h e  turb ine  wheels where it re- 
entered the  main airstream. The mid-frame, aft-frame, and turb ine  cooling 
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airflows amounted t o  1.4L0.4, 1.6kO.5, and 1.4LO.2 percent, respectively,  
of t h e  i n l e t  airflow. 

Engine Components 

Compressor. - The J 7 l - A - 1 1  (600-B36) turboje t  engine has a 16-stage 
axial-flow compressor equipped with eighth-stage accelerat ion bleeds and 
two-position i n l e t  guide vanes. The compressor has a constant t i p  diam- 
e t e r  of 33.5 inches. The hub-tip radius r a t i o  of the first s tage i s  0.55 
and of t h e  last s tage i s  0.90. The compressor w a s  designed t o  del iver  an 
airflow of 160 pounds per  second and a to ta l -pressure  r a t i o  of 9.0 at 
s t a t i c  sea- level  mi l i t a ry  conditions. 

Combustor. - The combustor i s  a cannular type with 10 c i r cu la r  
throuzh-flow inner l i n e r s .  Jp-4 f u e l  i s  supplied t o  each of t h e  10 l i n e r s  
by s ing le  i n l e t  duplex f u e l  nozzles. When gaseous hydrogen w a s  used, t h e  
f u e l  w a s  supplied t o  each l i ne r  by a tube with a 1/4-inch ins ide  diameter 
discharging i n  t he  same pos i t ion  within t h e  combustor as t h e  Jp-4 f u e l  
system. Igni t ion  w a s  provided by two spark plugs located i n  diametrical- 
l y  opposite l i n e r s .  

Turbine. - The three-stage turbine has a constant t i p  diameter of 
33.5 inches. The hub-tip radius r a t io s  of t he  first,  second, and t h i r d  
s tages  are 0.795, 0.746, and 0.697, respectively.  

Exhaust system. - The standard J71-A-11 exhaust system consis ts  of 
a t a i l p i p e  and a continuously var iable  i r i s - type  exhaust nozzle. Inasmuch 
as t h e  minimum s t a t i c  pressure obtainable i n  t h e  tunnel  tes t  sec t ion  cor- 
responds t o  an a l t i t u d e  of about 75,000 f e e t ,  an exhaust d i f fuse r  system 
w a s  used t o  simulate engine operation a t  higher a l t i t udes  (see f i g .  1). 
The d i f fuser ,  which replaced t h e  standard t a i l p i p e  and exhaust nozzle, was 
designed t o  decelerate  e f f i c i e n t l y  t h e  exhaust gases from t h e  turbine- 
ou t l e t  Mach number of about 0.55 t o  a diffuser-out le t  Mach number of about 
0.20. 
sure  i s  about twice t h e  exhaust s t a t i c  pressure, t he  d i f fuser -ex i t  t o t a l  
and s t a t i c  pressures a re  nearly equal. By matching t h e  d i f fuser -  
e x i t  s t a t i c  pressure with t h e  m i n i m u m  obtainable t e s t - sec t ion  s t a t i c  pres- 
sure, t h e  turbine-out le t  t o t a l  pressure f o r  a given tunnel  a l t i t u d e  pres- 
sure and engine operating condition can be reduced t o  about one-half of 
t h a t  required with t h e  standard exhaust system. 
u l a r  engine total-pressure r a t i o  the  engine-inlet pressure can be reduced, 
which i n  t h i s  invest igat ion amounted t o  an equivalent increase i n  a l t i t ude  
of about 15,000 feet  above t h a t  obtainable when using t h e  standard exhaust 
system with t h e  exhaust nozzle barely choked. Variation of turbine-out le t  
temperature at constant engine speed was accomplished by adjust ing t h e  
large b u t t e r f l y  valve in s t a l l ed  near the d i f fuser  ou t l e t .  

Thus, i n  contrast  t o  a choked exhaust nozzle where t h e  t o t a l  pres- 

Therefore, at  a par t ic -  
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I n s t  a l la t  ion 

The engine w a s  mounted on a wing sec t ion  t h a t  spanned t h e  20-foot- 
Dry a i r  at diameter t es t  sec t ion  of t h e  a l t i t u d e  wind tunnel  ( f ig .  1). 

pressures and temperatures giving the  desired engine-inlet  Reynolds num- 
ber indices w a s  ducted t o  t h e  engine i n l e t  through a ventur i  used t o  
measure airflow. 
th rus t  measurements by t h e  tunnel  balance sca les  were made possible  by a 
f r i c t ion le s s  s l i p  j o i n t  i n  the  engine-inlet  duct.  Scale t h r u s t  measure- 
ments were, of course, meaningless when t h e  high-al t i tude t a i l p i p e  (ex- 
haust d i f fuser )  w a s  used. 

When using the  standard engine exhaust system ( f i g .  2 ) ,  

Instrument a t  ion 

The instrumentation f o r  measuring pressures and temperatures w a s  i n -  
s t a l l e d  a t  various s t a t ions  throughout t he  engine as shown i n  f i g u r e  2 .  
The tab le  presented on t h e  f igu re  ind ica tes  t he  number and type of meas- 
urements a t  each s t a t i o n .  The to ta l -pressure  and temperature probes a t  
each s t a t ion  were located a t  the  centers  of equal annular area increments 
so t h a t  measurements could be averaged ar i thmet ica l ly .  Instrumentation 
w a s  a lso provided t o  measure the  airf low a t  t h e  mid-frame and aft-frame 
vents and i n  t h e  turbine cooling duct. - 

L 
The pressures were measured by null-type diaphragm capsules and r e -  

corded by a d i g i t a l  automatic multiple pressure recorder .  
were measured and recorded by iron-constantan or chromel-alumel thermo- 
couples i n  conjunction with an automatic d i g i t a l  potentiometer. One 
fea ture  of pa r t i cu la r  importance i s  t h e  design of t h e  thermocouples used 
t o  measure exhaust-gas temperatures. The r ad ia t ion  e r ro r  of a thermo- 
couple i n s t a l l e d  i n  a hot-gas stream where t h e  gas temperature i s  con- 
siderably higher than t h e  w a l l  temperature becomes subs t an t i a l  a t  very 
low pressures ( r e f .  3 ) .  For example, a t  a t a i l p i p e  t o t a l  pressure of 200 
pounds per  square foo t  absolute shielded nonaspirated thermocouples ind i -  
cated a gas temperature 750 F lower than t h e  t r u e  temperature. 
shielded and aspirated thermocouples, as described i n  reference 3, were 
used t o  minimize t h e  rad ia t ion  e r ro r .  

The temperatures 

Properly 

The flow r a t e  of Jp-4 f u e l  w a s  measured by rotameters and t h a t  of 
gaseous hydrogen by ca l ibra ted  o r i f i c e s .  When using the  standard exhaust 
system, t h e  exhaust-nozzle area w a s  obtained from a ca l ibra ted  ind ica tor  
mounted on t h e  nozzle ac tua tor .  The ca l ib ra t ion  of t h i s  ind ica tor  with 
exhaust-nozzle area w a s  made w i t h  t h e  nozzle cold. 

PROC EDTJRE 

During t h e  invest igat ion of the  J71-A-11 t u rbo je t  engine s teady-state  
data  were taken over a range of engine speeds from t h e  lowest operable 
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Jp-4 f u e l  

0.275, 0.44, 
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JP-4 f u e l  Hydrogen f u e l  

0.05, 0.06, 0.08, 0.035, 0.04, 
0.10, 0.15, 0.20, 0.05, 0.06 
0.30 

speed t o  a ra ted  speed of 6100 rpm and e f f ec t ive  exhaust-nozzle areas 
from t h e  l a rges t  obtainable area t o  the area producing the  l i m i t i n g  
tu rb ine-out le t  temperature, 1190° F, a t  each of t h e  following compressor- 
i n l e t  Reynolds number indices:  

I Standard engine exhaust system I High-alt i tude exhaust system I 

Alti tudes and f l i g h t  Mach numbers associated with these  Reynolds 
number indices  (assuming 100-percent ram-pressure recovery) may be deter-  
mined from f igu re  3 .  The ambient s t a t i c  pressure was maintained a t  cer- 
t a i n  a l t i t u d e  values when using t h e  standard engine exhaust systeE m d  
was held a t  t h e  lowest value possible  when using t h e  h igh-a l t i tude  system. 
Data obtained with t h e  standard exhaust system w e r e  used t o  define the  
exhaust-system pressure losses  and the exhaust-nozzle ve loc i ty  coef f ic ien t  
f o r  use i n  ca lcu la t ing  engine performance from pumping cha rac t e r i s t i c s .  
The i n l e t  guide vanes were open and the compressor accelerat ion bleeds 
closed f o r  a l l  data taken. 

The s ta l l  l i m i t s  of t h e  compressor were determined by a s e r i e s  of 
increasing f u e l  s teps  a t  several  Reynolds number indices .  

The fue l s  used during t h i s  invest igat ion were MIL-F-5624A, grade 
Jp-4, which has a lower heating value of 18,700 Btu per pound and a 
hydrogen-carbon r a t i o  of 0.171, and gaseous hydrogen, which has a lower 
heating value of 51,570 B t u  per pound and a p u r i t y  of 98 percent.  

Defini t ions of symbols, methods of calculat ion,  and a sample calcula-  
t i o n  of performance from generalized performance da ta  a r e  presented i n  
appendixes A, B, and C ,  respect ively.  

RESULTS AND DISCUSSION 

Alt i tude Operating L i m i t s  

The a l t i t u d e  operating l i m i t s  of the J71-A-11 tu rbo je t  engine are 
presented i n  f igure  4 f o r  a f l i g h t  Mach number of 0.8. When using JP-4 
f u e l ,  s a t i s f ac to ry  engine operation was a t t a ined  up t o  an a l t i t u d e  of 
60,000 t o  65,000 f e e t ,  and engine operation with marginal combustion could 
be maintained up t o  an a l t i t u d e  of about 80,000 f e e t .  Sa t i s fac tory  engine 
operation w a s  obtained up t o  t h e  f a c i l i t y  l i m i t  of about 89,000 f e e t  when 
operat ing with gaseous-hydrogen f u e l .  Furthermore, combustor blowout w a s  
not encountered at  any a l t i t u d e  even during compressor surge conditions.  
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A t  lower engine speeds, engine operation with bleeds closed w a s  
l imited by compressor s ta l l .  The minimum s t a l l - l i m i t e d  engine speed in -  '1 

creased from 4570 rpm at an a l t i t u d e  of 60,000 f e e t  t o  5030 rpm at  an 
a l t i t u d e  of 88,000 feet .  

Component Performance 

The over -a l l  performance of each component i s  presented t o  a i d  i n  
t h e  understanding of engine operation a t  the  higher a l t i t u d e s .  
has been made t o  present t h e  performance of each component i n  such a man- 
ner  t ha t  t h e  re la t ionship  between i t s  operating point  and t h e  over -a l l  
engine operating point  can be determined. Generalized component perform- 
ance i s  presented over t h e  complete range of h igh-a l t i tude  operating con- 
d i t i ons  invest igated,  and performance maps are presented a t  c e r t a i n  se- 
lec ted  operating conditions.  Trends of component performance a t  a l t i t u d e s  
lower than those invest igated herein a r e  presented i n  reference 4.  

An attempt 

Generalized performance. - The knowledge of t u rb ine - in l e t  temperature 
i s  important i n  turbine performance and a l so  i n  compressor-turbine match- 
img. Since over -a l l  engine performance i s  usual ly  given i n  terms of a 
turbine-out le t  temperature, t he  r e l a t i o n  between turb ine- in le t  and -out le t  
temperatures i s  given i n  f i g u r e  5. This r e l a t i o n  i s  v a l i d  within kl per- 
cent for  t h e  range of compressor-inlet Reynolds number index invest igated 
and fo r  both JP-4 and gaseous-hydrogen f u e l s .  Both tu rb ine - in l e t  and 
-out le t  temperatures are presented as r a t i o s  t o  compressor-inlet tempera- 
t u r e  f o r  convenience i n  using o ther  f igu res  presented herein.  

Compressor: Theoret ical  ana lys i s  shows t h a t  t h e  d i f fe rence  i n  prop- 
e r t i e s  of t h e  two f u e l s  being considered a f f e c t s  tu rb ine  performance and, 
therefore ,  compressor-turbine matching. The rematching t h a t  occurs when 
burning gaseous-hydrogen f u e l  r e s u l t s  from (1) a lower f u e l  m a s s  addi- 
t i o n ,  ( 2 )  a lower turb ine- in le t  temperature required t o  maintain turb ine  
work output because of t h e  increase i n  spec i f i c  heat  of t h e  combustion 
products, and (3) an increase i n  tu rb ine - in l e t  pressure (and compressor- 
e x i t  pressure) because of t h e  increase i n  gas constant.  
e f f e c t  tends t o  increase compressor pressure r a t i o  a t  a given corrected 
engine speed. This change i n  compressor pressure r a t i o ,  however, i s  
s m a l l ,  about 1 percent,  and, consequently, no change can be discerned from 
t h e  experimental da ta .  Compressor performance can, therefore ,  be con- 
sidered i d e n t i c a l  during operation with e i t h e r  f u e l .  

The combined 

.For  a given compressor-inlet Reynolds number index, t h e  corrected 
a i r f l o w  ( i n  t h e  high engine speed region) and compressor e f f ic iency  a re  
e s sen t i a l ly  functions of corrected engine speed. The corrected a i r f low 
and eff ic iency of t h e  J71-A-11 compressor a r e  presented i n  f igu res  6(a) 
and (b) f o r  severa l  constant corrected engine speeds over t h e  range of 
compressor-inlet Reynolds number index inves t iga ted .  A change i n  
compressor-inlet Reynolds number index from 0.30 t o  0.035 reduced cor- 
rected airf low by about 17 percent and compressor e f f ic iency  by 7.5 poin ts  
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at each of t h e  corrected engine speeds shown. "he greatest port ion of 
t h e  l o s s e s  occurred a t  Reynolds number indices below about 0.15. 1 

7 

I n  order t o  determine compressor performance a t  f l i g h t  conditions 
other  than those spec i f i ca l ly  investigated,  it i s  necessary t o  def ine t h e  
r e l a t i o n  between compressor pressure r a t i o  and compressor-inlet Reynolds 
number index. Since compressor pressure r a t i o  is  a function of turbine-  
i n l e t  temperature, as indicated by the  turbine corrected weight-flow equa- 

t i o n  f o r  choked flow, t h e  compressor pressure r a t i o  parameter 

can be u t i l i z e d .  The var ia t ion  of t h e  pressure r a t i o  parameter with com- 
compressor-inlet Reynolds number i s  shown i n  f igu re  6(c) f o r  several  con- 
s t a n t  corrected engine speeds. A change i n  Reynolds number index from 
0.30 t o  0.035 resu l ted  i n  a 12-percent reduction i n  t h e  pressure r a t i o  
parameter. Here again, as with airflow and eff ic iency,  E G S ~  ztf the re- 
duction occurred a t  Reynolds number indices below 0.15. Thus, with t h e  
r e l a t ions  of corrected compressor airflow, eff ic iency,  and pressure r a t i o  
parameter with Reynolds number index defined, it i s  possible  t o  estimate 
compressor performance at any f l i g h t  condition within t h e  range 
invest igated.  

p2/p1 

4Fl 

* 
The compressor s t a l l  limits are shown i n  f igu re  6(d) f o r  a range of 

a l t i t u d e s  a t  a f l i g h t  Mach number of 0.8. The approximate steady-state 
same range 

of a l t i t u d e s  are a l so  presented. The steady-state operating l i n e s  could 
not be shown because t h e  exhaust-nozzle schedule had not been f ixed .  A t  
a corrected engine speed of 6100 rpm, the  m a x i m u m  compressor pressure 
r a t i o  obtainable without encountering s t a l l  varied from 9.9 a t  40,000 
f e e t  t o  8.7 a t  80,000 feet .  The engine speed a t  which t h e  s t a l l  l i n e  and 
s teady-state  operating l i nes  in t e r sec t  increases with a l t i t u d e  as w a s  
spec i f i ca l ly  shown i n  f igure  4.  

.L region and t h e  mi l i t a ry  rated engine operating poin ts  f o r  t h e  

Combustor: The va r i a t ion  of combustion e f f ic iency  with t h e  combus- 
t i o n  parameter w ~ , ~ T ~  i s  shown i n  figure 7. The more conventional com- 
bustion general izat ion parameter PzTz/V3 i s  shown as a second sca le .  
The combustor reference ve loc i ty  V 3  w a s  98.5 feet per  second. Combus- 
t i o n  e f f ic iency  f o r  JP-4 f u e l  decreased at near ly  a uniform rate from 
0.99 t o  0.90 as wa,3T6 w a s  decreased from 150,000 t o  13,000. Further 

reduction i n  w T resu l ted  i n  a more rapid decrease i n  combustion a,3 6 
eff ic iency.  A t  a w ~ , ~ T ~  of 7500 t h e  combustion e f f ic iency  had decreased 
t o  about 0.76, and t h e  combustion w a s  very near t h e  blowout l i m i t .  

a Because of t h e  d i f f i c u l t y  i n  measuring t h e  flow rate of gaseous- 
hydrogen f u e l ,  a considerable amount of data scatter e x i s t s  i n  t h e  com- 
bustion eff ic iency.  Data indicate ,  however, t h a t  a combustion e f f ic iency  

c of approximately 0.80 w a s  obtained i n  the  
6000. 

W a , 3 ~ 6  range from 13,000 t o  
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Combust ion  
parameter, 

w a  J3T6X10-3 , 
( lb )  (OR)/sec 

100 - 160 
65 - 100 
40 - 70 
25 - 50 
18 - 35 
13 - 25 
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.d 

Compressor - i n l e t  
Reynolds number 

index , 6,/@1,& 

0.08 
.06 
.05 
.04 
.035 

When operating a t  corrected engine speeds from 5500 t o  6600 rpm and - - 
engine temperature r a t i o s  from 2 . 5  t o  3.5, t h e  approximate range of 
w T a t  each compressor-inlet Reynolds number index inves t iga ted  a,3 6 

Compressor-inlet 
Reynolds number 1 index , 6 l/'P l& 

0.65 
.44 
.30 
.20 
.15 
.10 

Combust i on 
parameter , 

Wa,3T6x10-3 J 

( l b )  (OR)/sec 

10 - 18 
8 - 13 
6 - 10 

- 8  
- 7  

w a s  : 

d 
t c < 

A sample ca lcu la t ion  f o r  a prec ise  determination of t h e  value of 

a t  any engine operating point  i s  presented i n  appendix C .  
waJ3T6 

The va r i a t ion  of combustor to ta l -pressure  l o s s  with combustor tem- 
perature  r a t i o  i s  shown i n  f igu re  8. As t he  combustor temperature r a t i o  
increased from 1.5 t o  2 .3 ,  t h e  combustor to ta l -pressure  loss decreased 
from about 0.06 t o  0.045 of t h e  combustor-inlet t o t a l  pressure.  The r e -  
duction i n  combustor pressure loss with increasing combustor temperature 
r a t i o  i s  caused by t h e  rapid decrease i n  f r i c t i o n  pressure loss t h a t  
accompanies t h e  decrease i n  combustor flow v e l o c i t i e s  as engine speed i n -  
creases or as exhaust-nozzle a rea  decreases.  I n  the  normal and m i l i t a r y  
operating ranges of t h e  engine a combustor to ta l -pressure- loss  r a t i o  of 
0.045 t o  0.05 w a s  encountered. 

. 
d 

Turbine: Turbine performance i s  presented i n  f i g u r e  9 as a function 
of t u rb ine - in l e t  Reynolds number index. 
decreased only s l i g h t l y  a t  low Reynolds number indices  and w a s  between 
approximately 40 and 41 pounds per  second over t h e  e n t i r e  range of condi- 
t i o n s  invest igated.  

The corrected turb ine  gas flow 

A t  a given turb ine- in le t  Reynolds number index, tu rb ine  e f f ic iency  
( f i g .  9(b)) w a s  e s s e n t i a l l y  a funct ion of corrected turb ine  speed and w a s  
independent of' t h e  f u e l  used. A t  a corrected turb ine  speed of 3000 r p m  
(near r a t ed ) ,  tu rb ine  e f f ic iency  decreased from 0.785 t o  0.710 as tupbine- 
i n l e t  Reynolds number index decreased from 0.37 t o  0.04. 

A t  a given turb ine- in le t  Reynolds number index , corrected turb ine  
work ( f i g .  9 ( c ) )  w a s  e s s e n t i a l l y  a funct ion of tu rb ine  to ta l -pressure  

at a given to ta l -pressure  r a t i o  when t h e  turb ine  i s  operating i n  an engine. 
r a t i o  for t h e  s m a l l  range of corrected turb ine  speed t h a t  can be obtained - 
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To maintain a given corrected turbine work output t h e  turbine t o t a l -  
pressure r a t i o  had t o  be increased approximately 13 percent as t h e  tur- 
bine Reynolds number index was decreased from 0.40 t o  0.06. The use of 
gaseous-hydrogen f u e l  allowed a reduction i n  turb ine  to ta l -pressure  r a t i o  
of about 3 percent while s t i l l  maintaining t h e  same corrected turbine 
work output because of an increase i n  t h e  gas constant of t h e  combustion 
products.  

I n  order t o  determine t h e  turbine Reynolds number index a t  any given 
over -a l l  engine operating point  a cor re la t ion  of t h e  turbine-  and 
compressor-inlet Remolds number indices i s  presented i n  f igu re  10. A t  
any constant compressor Reynolds number index t h e  turb ine  Reynolds number 
index can be defined within k3 percent by t h e  corrected turbine speed. 

Standard exhaust system: Some low-altitude data were taken with t h e  
standard J 7 1 - A - 1 1  t a i l p i p e  and exhaust nozzle. The exhaust-system data 
are presented t o  allow calculat ion of standard over-al l  engine performance 
from pumping cha rac t e r i s t i c s .  

The va r i a t ion  of t h e  t a i l p i p e  total-pressure loss  with t h e  t a i l p i p e  

flow parameter w &,P5 i s  shown i n  figure l l ( a )  . Since t h i s  param- 

eter i s  a funct ion of turbine-out le t  Mach number, high t a i l p i p e  t o t a l -  
pressure losses  were encountered a t  high values of t h e  parameter. A t  any 
operating point  i n  t h e  normal o r  mi l i ta ry  operating range a t a i l p i p e  
to t a l -p re s su re  l o s s  of 2 t o  4 percent o f  t h e  i n l e t  t o t a l  pressure w a s  
encountered. 

g,5 

The exhaust-nozzle ve loc i ty  coeff ic ient  i s  shown i n  f igu re  l l ( b )  as 
a func t ion  of nozzle pressure r a t i o .  Whenthe exhaust nozzle w a s  unchoked 
(nozzle pressure r a t i o  
values unrel iable .  When the  exhaust nozzle w a s  choked, however, da ta  f e l l  
about a mean value of 0.985. 

Pg/po < 1.9), su f f i c i en t  data s c a t t e r  made t h e  

Performance maps. - I n  order t o  i l l u s t r a t e  more c l e a r l y  t h e  s h i f t  
i n  compressor and turbine operating points when changing from a low- t o  
a h igh-a l t i tude  condition, operating points are shown on t h e  se lec ted  
compressor and turb ine  maps i n  f igu res  1 2  and 13, respect ively.  The tur- 
bine performance maps are presented f o r  operation with both Jp-4 and 
gaseous-hydrogen f u e l s  at t h e  high-al t i tude condition. The engine oper- 
a t i n g  point  t h a t  has been selected f o r  i l l u s t r a t i o n  i s  as follows: 

Engine speed, N, rpm . . . . . . . . . . . . . . . . . . . . . . .  61DO 
Exhaust-gas temperature, T6, ?F . . . . . . . . . . . . . . . . .  1200 
F l i g h t  Mach number, % . . . . . . . . . . . . . . . . . . . . . . .  0.8 
Alt i tude (low condition),  f t  . . . . . . . . . . . . . . . . . .  43,000 
Alt i tude (high condition),  f t  . . . . . . . . . . . . . . . . .  81,000 
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A t  the  selected engine operating point  t h e  compressor pressure r a t i o  
decreased from 9.15 t o  8.35 and the  corrected airf low decreased from 167 
t o  149 pounds per second when changing from t h e  low- t o  the  h igh-a l t i tude  
condition ( f i g .  12) . 

f 

The turbine work increased when changing from t h e  low- t o  t h e  high- 
a l t i t u d e  condition a t  the  selected operating point  because of t h e  de- 
creased turbine eff ic iency and t h e  increased work required by t h e  com- 
pressor because of decreased compressor eff ic iency.  When using Jp-4 
f u e l  ( f igs .  13(a) and ( b ) ) ,  t he  turb ine  pressure r a t i o  had t o  be increased 
from approximately 3 .22  t o  3 .75  when changing from t h e  low- t o  t h e  high- 
a l t i t u d e  condition t o  supply t h e  necessary compressor work. 
a l t i t u d e  condition, t h e  use of gaseous-hydrogen f u e l  reduced t h e  turb ine  
pressure r a t i o  requirement t o  about 3.65 because of t h e  increase i n  t h e  
gas constant of t h e  exhaust products. 

A t  t h e  high- 

Over-All Engine Performance 

Over-all engine performance i s  presented i n  the  same manner as t h e  
component performance i n  t h a t  generalized performance i s  presented over 
t h e  complete range of operating conditions invest igated,  and performance 
maps are presented a t  ce r t a in  selected a l t i t u d e  operating conditions.  

- 
Generalized performance. - Over-all engine performance i s  presented U 

i n  terms of pumping cha rac t e r i s t i c s  i n  f igures  14 and 15 f o r  Jp-4 and 
gaseous-hydrogen fue l s ,  respect ively.  A pumping map at one compressor- 
i n l e t  Reynolds number index i s  presented f o r  each of t he  two f u e l s  i n -  
vest igated together  with corrections t o  be applied t o  these pumping char- 
a c t e r i s t i c s  f o r  other  Reynolds number indices  over t h e  range invest igated.  

The pumping maps ( f i g s .  14 (a )  and 15(a)) a r e  a t  compressor-inlet 
Reynolds number indices  of 0 . 2 0  and 0.04 f o r  Jp-4 and gaseous-hydrogen 
fue l s ,  respect ively.  These Reynolds number indices  were se lec ted  because 
i n  each case t h e  grea tes t  range of engine speed and engine temperature 
r a t i o  was obtained a t  these  conditions.  When using JT-4 f u e l  t h e  range 
of corrected engine speed obtained w a s  from 5000 t o  6600 rpm (82 t o  108 
percent r a t ed ) ,  and t h e  range of engine temperature r a t i o s  w a s  from 1.8 
t o  4.0 ( f i g .  1 4 ( a ) ) .  
speed range w a s  from 5400 t o  6600 rpm (88.5 t o  108 percent ra ted) ,  and 
t h e  engine temperature r a t i o  range w a s  from 3 . 2  t o  4.0 ( f i g .  1 5 ( a ) ) .  

With gaseous-hydrogen f u e l  t h e  corrected engine 

The pumping cha rac t e r i s t i c  correct ions f o r  other  compressor-inlet 
Reynolds number indices  ( f ig s .  14(b) and 15(b))  over t he  range inves t i -  
gated a re  presented as engine to ta l -pressure  r a t i o  and corrected airf low 
corrections a t  a constant engine total-temperature r a t i o  and corrected 
engine speed t o  be applied t o  the  values read 
These engine to ta l -pressure- ra t io  and a i r f l o w  

from t h e  pumping maps. 
correct ions are va l id  
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within +1 and +3 percent, respectively,  f o r  a l l  corrected engine speeds 
and engine temperature r a t i o s  over the range invest igated.  
of compressor-inlet Reynolds number index w a s  from 0.05 t o  0.65 when 
using Jp-4  f u e l  and from 0.035 t o  0.06 when using gaseous-hydrogen f u e l . )  

(The range 

Performance maps. - Over-all engine performance maps are presented 
i n  f i g u r e  16 f o r  t h e  same low- and high-alt i tude conditions as the  com- 
pressor  and turb ine  maps previously discussed. 
point  discussed i n  connection with the compressor and turb ine  maps i s  
a l s o  shown. 

The se lec ted  operating 

The performance maps indicate ,  i n  general, t h a t  f o r  Jp-4 f u e l  an 
increase i n  a l t i t u d e  caused t h e  region of m i n i m u m  spec i f i c  f u e l  consump- 
t i o n  t o  s h i f t  from t h e  low-engine-speed - net- thrust  region t o  t h e  high- 
engine-speed - net- thrust  region ( f igs .  16(a) and ( b ) ) .  
a l t i t u d e  condition t h e  region of specif ic  f u e l  consumption f o r  gaseous- 

( f i g .  16 (c ) ) .  Thrust modulation from a se lec ted  operating point i n  the 
high-engine-speed range f o r  e i t h e r  f u e l  can be most economically accom- 
p l i shed  by va r i a t ion  of engine speed at a constant nozzle area ra the r  
than by va r i a t ion  of nozzle =ea at constant speed. 

A t  t h e  high- 

v7a iyurogen f u e l  occurred i n  t h e  intermediate-engine-speed - t h r u s t  range 

Because of decreases i n  component performance t h e  spec i f ic  f u e l  
consumption increased from about 1.15 t o  1.46 pounds per  hour per  pound 
of t h r u s t  and t h e  exhaust-nozzle area increased from about 2.46 t o  2.83 
square feet  when changing from the low- t o  the high-al t i tude condition 
and using Jp-4 f u e l  a t  t h e  selected operating poin t .  A t  t h e  h igh-a l t i tude  
condition, t h e  change from Jp-4  t o  gaseous-hydrogen f u e l  increased t h e  ne t  
t h r u s t  from 295 t o  310 pounds and decreased t h e  exhaust-nozzle area from 
about 2.83 t o  2.73, both effects resu l t ing  from t h e  improvement i n  turb ine  
performance and t h e  associated decrease i n  t a i l p i p e  pressure loss. The 
spec i f i c  f u e l  consumption w a s  about 60 percent lower when using gaseous- 
hydrogen f u e l  pr imari ly  because of t h e  higher heating value.  The method 
of performance calculat ions is presented i n  appendix C .  

Contribution of Individual Component Losses t o  

O v e r - A l l  Engine Performance Losses 

I n  order t o  show more c l e a r l y  how the performance loss of each com- 
ponent a t  high a l t i t u d e s  a f f ec t s  t he  over-all  engine performance, t h e  ne t  
t h r u s t  and spec i f i c  f u e l  consumption obtained when incorporating each 
component loss separately are presented i n  f igu re  17. Data are presented 
f o r  a l t i t u d e s  from 35,000 feet  t o  t h e  maximum a t ta ined  a t  a f l i g h t  Mach 
number of 0.8 when operating at  an engine speed of 6100 rpm and an exhaust- 
gas temperature of 1200' F. 
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Gaseous- 
hydrogen 

f u e l  

a16.5 
0 

1 2 . 5  
.9 

29.9 

The loss i n  over -a l l  engine performance due t o  reductions i n  com- 
ponent performances w a s  negl igible  f o r  a l t i t u d e s  up t o  35,000 f e e t .  
Losses i n  net  t h rus t  were encountered as a l t i t u d e  w a s  increased beyond 
an a l t i t u d e  of 35,000 f e e t  pr imari ly  because of a reduction i n  corrected 
airf low and compressor and turb ine  e f f i c i enc ie s .  Increases i n  spec i f i c  
f u e l  consumption a t  higher a l t i t u d e s  were p r inc ipa l ly  due t o  reductions 
i n  compressor, combustor, and turbine e f f i c i enc ie s .  

When operating a t  80,000 f e e t  t h e  itemized a l t i t u d e  losses  a r e  
f ollotrs : 

1 Component 10s s 

Combustion e f f ic iency  
Corrected airflow 
Compressor and turbine e f f i c i enc ie s  
Increase i n  t a i l p i p e  pressure loss 

a Assuming t h e  combustion e f f ic iency  
would be t h e  same when operating 

percent 
m -4 
f u e l  

0 
1 1 . 2  

9.3 
1.0 

21.5 

of hydrogen and Jp-4  f u e l s  
a t  sea- level  conditions.  

as 

It should be noted t h a t  although the  percentage increase i n  spec i f i c  
f u e l  consumption due t o  combustion e f f ic iency  i s  higher f o r  gaseous 
hydrogen than f o r  JP-4 f u e l  a t  the  se lec ted  f l i g h t  condition, t h e  absolute 
value of spec i f i c  f u e l  consumption is  s t i l l  much lower. Furthermore, ref-  
erence 5 ind ica tes  t h a t  t he  performance of a combustor and fue l - in j ec t ion  
system t a i l o r e d  f o r  t h e  use of gaseous-hydrogen f u e l  i s  superior t o  a 
standard Jp-4 combustor configuration, p a r t i c u l a r l y  i n  t h e  range of low 
combustor-inlet pressures .  The increase i n  spec i f i c  f u e l  consumption due 
t o  a loss i n  combustion e f f ic iency  with a l t i t u d e  f o r  gaseous-hydrogen f u e l  
could therefore  be expected t o  be equal t o  or l e s s  than t h a t  obtained with 
Jp-4  fue l  over t he  e n t i r e  range of f l i g h t  conditions.  

Exhaust-Nozzle-Area Requirements 

The e f f ec t ive  exhaust-nozzle area required t o  maintain a constant 
exhaust-gas temperature a t  an engine speed of 6100 rpm i s  shown i n  f igu re  
18 over a range of a l t i t u d e s  at a f l i g h t  Mach number of 0.8. The e f fec-  
t i v e  exhaust-nozzle area increased s l i g h t l y  with increasing f l i g h t  Mach 
number but w a s  found t o  be within k.2 percent of t h e  values presented over 

I+ 
I- 
C, 
C 
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t he  range of f l i g h t  Mach numbers considered (0 t o  1.4). 

t o  be 0 .959 .02  of t h e  ac tua l  exhaust-nozzle a rea  (ca l ibra ted  co ld) .  

The e f f ec t ive  
d area  of t h e  standard exhaust nozzle for  choked-flow operation w a s  found 

Effect ive exhaust-nozzle area decreased with an increase i n  a l t i t u d e  
up t o  35,000 feet because of decreased engine-inlet  temperature. 
a l t i t u d e s  above 35,000 f e e t ,  i n l e t  temperature remained constant but t h e  
decrease i n  component e f f i c i enc ie s  required increased exhaust-nozzle area.  

A t  

3 

4 B 

If a fixed-area exhaust nozzle were used and s ized at sea l eve l  using 13 
JP-4 f u e l ,  ra ted  engine speed operation would not be possible  above an 
a l t i t u d e  of 50,000 f e e t  with JP-4 f u e l  and above about 65,000 f e e t  with 
gaseous-hydrogen f u e l  without causing turbine overtemperature. 
exhaust -nozzle-area va r i a t ion  required at  a constant exhaust-gas tempera- 
t u r e  when operating from sea l eve l  t o  80,000 f e e t  with JP-4 f u e l  w a s  about 
0.96 t o  1 .17  of t h e  sea- level  exhaust-nozzle area. 
hydrogen f u e l  allows approximately a 6-percent reduction i n  exhaust-nozzle 
area because of t h e  reduction i n  required turb ine  pressure r a t i o  and t h e  
r e su l t an t  reduction i n  t a i l p i p e  pressure loss. 

The 

The use of gaseous- 

Alt i tude Performance at Rated Engine Conditions . 
The net  t h r u s t ,  f u e l  flow, and airflow of t h e  571-A-11 t u rbo je t  en- 

* gine a r e  shown i n  f igu res  19 and 20 over t h e  range of a l t i t u d e s  and f l i g h t  
speeds invest igated when operating at three  constant exhaust-gas tempera- 
t u r e s  (1100O, 120Oo, and 130O0 F) and an engine speed of 6100 rpm. Data 
a r e  shown f o r  both Jp-4 and gaseous-hydrogen f u e l s .  These curves a r e  
presented pr imari ly  t o  show absolute levels  of engine performance over a 
wide range of a l t i t u d e  conditions when operating a t  ra ted  engine speed 
and do not  show any important t rends not previously discussed. 

CONCLUDING REMARKS 

A t  a f l i g h t  Mach number of 0.8, t h e  J71-A-ll turbojet engine operated 
s a t i s f a c t o r i l y  on Jp-4 f u e l  up t o  an a l t i t u d e  of about 60,000 t o  65,000 
f e e t ,  and engine operation with marginal combustion w a s  obtained up t o  an 
a l t i t u d e  of about 80,000 f e e t .  When operating with gaseous-hydrogen f u e l ,  
s a t i s f a c t o r y  engine operation w a s  a t ta ined up t o  t h e  f a c i l i t y  operating 
l i m i t  of about 89,000 f e e t .  

An increase i n  a l t i t u d e  from 43,000 t o  88,000 feet a t  a f l i g h t  Mach 
number of 0.8 (compressor-inlet Reynolds number indices  from 0.30 t o  0 035) 
decreased both compressor and turb ine  e f f i c i enc ie s  about 7.5 poin ts  and 
decreased corrected airflow about 17 percent. When operating a t  r a t ed  
engine conditions at t h e  a l t i t u d e  l i m i t  imposed by t h e  use of Jp-4 f u e l  
(about 80,000 ft  a t  a f l i g h t  Mach number of 0.8) ,  combustion e f f ic iency  

- 
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decreased about 11 points  from t h a t  obtained a t  conditions where the re  
w a s  no a l t i t u d e  e f fec t .  This loss, i n  combination with t h e  decreased * 
compressor and turbine e f f i c i enc ie s  and corrected airflow, r e su l t ed  i n  
a 21.5-percent reduction i n  net  t h r u s t  and an increase i n  spec i f i c  f u e l  
consumption of  approximately 26 percent i n  comparison with t h e  values 
t h a t  would be obtained assuming no loss i n  component performance with 
a l t i t u d e .  

N e t  t h r u s t  w a s  approximately 4 percent higher when operating with 
gaseous-hydrogen f u e l  than with J€’-4 f u e l  because of t h e  decreased t u r -  
bine total-pressure drop due t o  t h e  higher gas constant of t h e  combustion 
products and t h e  r e su l t an t  decrease i n  t a i l p i p e  to ta l -pressure  l o s s .  
Specific f u e l  consumption w a s  about 60 percent lower when using gaseous- 
hydrogen f u e l ,  primarily because of t h e  increased heat ing value.  

Lewis F l igh t  Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, December 11, 1956 
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SYMBOLS 

lowing sD,ols are used i n  th i s  report :  

area, sq f t  

coef f ic ien t  

t h r u s t ,  l b  

accelerat ion due t o  gravity,  32.17 f t f s ec  2 

enthalpy, Btu/lb 

Mach number 

engine speed, rpm 

t o t a l  pressure,  lb/sq f t  abs 

s t a t i c  pressure,  lb/sq f t  abs 

gas constant, f t - l b / ( lb )  (OR) 

t o t a l  temperature, OR 

s t a t i c  temperature, OR 

veloci ty ,  ft/sec or  knots 

flow rate, lb/sec o r  lb/hr 

1.4 (-)'-' Y correc t ion  fac tor ;  p = - 
r 1.4 
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Y r a t i o  of spec i f i c  heats 
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6 r a t i o  of t o t a l  pressure t o  NACA standard sea- level  s t a t i c  
pressure 

B/Q&- Reynolds number index 

7 e f f ic iency  

e r a t i o  of t o t a l  temperature t o  NACA standard sea- level  s t a t i c  
temper at ur e 

cp r a t i o  of absolute v i scos i ty  t o  v i scos i ty  of NACA standard 
atmosphere a t  sea l e v e l  

Subscripts : 

a 

ab 

av 

b 

C 

e f f  

f 

g 

i d  

j 

mv 

n 

S 

t 

tc 

V 

X 

a i r  

accelerat ion bleed 

aft-frame vent 

combust or 

compressor 

e f f ec t ive  

f u e l  

gas 

idea l  

jet  

mid-frame vent 

ne t  

sca le  

turb ine  

turb ine  cooling 

ve loc i ty  

s l i p  jo in t  i n  i n l e t  duct 

. 

rp 
P w 
0 



N K A  KM 

.......... 
0 .  0 .  0 .  
8 8 .  8 0 .  0 .. 0 .  0 .  ........ 

17 

0 

1 

2 

3 

4 

5 

5a 

6 or  6a 

9 

10 

free-stream conditions 

compressor i n l e t  

compressor o u t l e t  

combustor i n l e t  

combustor ou t l e t ,  turbine i n l e t  

turbine ou t l e t  (standard engine exhaust system) 

turb ine  ou t l e t  (high-alt i tude t a i l p i p e )  

t a i l p i p e  out l e t  (high - alt  it ude t ai lpipe ) 

exhaust-nozzle i n l e t  (stafidard eng'ine exhaust system) 

exhaust-nozzle t h o a t  (standard engine exhaust system) 
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APPENDIX B 

METHODS OF CALCULATION 

Airflow 
ll 
t w a s  calculated from one-dimensional C 

a J 1  c 
The engine-inlet  a i r f low w 

compressible-flow re l a t ions  ( r e f .  6) using t h e  area and t h e  average pres-  
sures and temperatures a t  a ventur i  i n  the  i n l e t - a i r  duct.  Air bleeds 
and the  addition of f u e l  resu l ted  i n  t h e  following mass flows a t  other  
s ta t ions  : 

W = w  - w  a, 2 aJ 1 aJab  

W = w  - w  - w  - w  a, 3 a J 2  a J t c  a,mv a, av 

W = w  + wf / 3  600 
gJ4 a,3 

W = w  
gJ9 gJ6 

Compressor Efficiency 

The compressor eff ic iency i s  defined as the  r a t i o  of i sen t ropic  
enthalpy r i s e  t o  the  ac tua l  enthalpy r i s e  across the  compressor: 

The enthalpy values were determined from char t s  based on t h e  mater ia l  of 
reference 7 and using var iab le  spec i f i c  hea ts .  

Combustion Efficiency 

The combustion eff ic iency i s  defined as the  r a t i o  of t h e  idea l  f u e l -  
air r a t i o  necessary t o  obtain t h e  engine temperature r i s e  t o  t h e  ac tua l  
f uel-air  r a t i o  : 

I 

. 
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The i d e a l  f u e l - a i r  r a t i o  was determined from t h e  f u e l  proper t ies  and t h e  
engine temperature r i s e  (see f i g .  2 1  or r e f .  8) .  

Turbine Efficiency 

The turb ine  e f f ic iency  i s  defined as the  r a t i o  of ac tua l  enthalpy 
drop t o  i sen t ropic  enthalpy drop across t h e  turbine: 

The turb ine- in le t  temperature Tq was calculated by assuming t h a t  t he  
turb ine  enthalpy drop equaled the  compressor enthalpy rise. The turbine- 
o u t l e t  temperature T5 w a s  calculated from the  measured value of T6 by 
accounting f o r  t h c  t snpers ture  6rop between the  two s t a t i6ns  caused by 
the  turb ine  cooling a i r .  

The enthalpy values w e r e  then determined from char t s  based on t h e  
mater ia l  of reference 7 and using var iable  spec i f ic  heats .  

Scale Jet Thrust 

Scale j e t  t h r u s t  was determined when using the  standard engine ex- 
haust system by an algebraic summation of t he  forces  ac t ing  on t h e  engine: 

where FB i s  the  force due t o  t h e  balance scale ,  FD i s  t h e  external  

drag of t h e  i n s t a l l a t i o n ,  and the  last two terms represent t h e  momentum 
and pressure forces on the  i n s t a l l a t i o n  a t  t h e  s l i p  j o i n t  i n  t h e  i n l e t -  
a i r  duct.  

Calculated Thrust 

J e t  t h r u s t  w a s  calculated from t h e  gas flow and t h e  e f f ec t ive  
ve loc i ty :  

The e f f ec t ive  veloci ty ,  which includes the e f f ec t  of excess pressure not 
converted t o  ve loc i ty  f o r  supe rc r i t i ca l  pressure r a t i o s ,  w a s  obtained 
from t h e  e f f ec t ive  ve loc i ty  parameter of reference 6 (see a l so  f i g .  2 3 ) .  
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N e t  t h r u s t  was determined 

Fn 

by subtract ing t h e  i n l e t  momentum: 

. 
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SAMPLE CALCULATION OF PERFORMANCE FROM GENERALIZED PERFORMANCE DATA 

I n  order t o  i l l u s t r a t e  t h e  method f o r  obtaining component and over- 
a l l  engine performance from generalized performance data, a numerical 
example i s  presented f o r  t h e  following f l i g h t  and engine conditions: 

Alti tude,  f t  . . . . . . . . . . . . . . . . . . . . . . . . . .  80,000 
Fl igh t  Mach number, Q . . . . . . . . . . . . . . . . . . . . . . .  0.8 
Engine speed, N, rpm . . . . . . . . . . . . . . . . . . . . . . .  6100 
Exhaust-gas temperature, T6, OR . . . . . . . . . . . . . . . . .  1660 

From t h i s  t h e  following quant i t ies  are known: 

po = 58.0 lb/sq f t  abs 

to = 392.4' R 

From these quant i t ies  and assuming 100-percent ram-pressure recovery 
and an NACA standard day, t h e  following parameters may be calculated: 

v0 = 777 ft /sec 

P1 = 88.4 lb/sq f t  abs 

T1 = 442.6' R 

4 6 1  = 0.9235 

bl = 0.0418 

61/glfi = 0.0520 

N / f i  = 6605 rpm 

T ~ T ~  = 3.75 

To i l l u s t r a t e  t h e  major performance differences when using Jp-4 and 
gaseous-hydrogen fue l s ,  t h e  sample calculat ion w i l l  be shown f o r  both 
fue l s .  
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From f igures  14(a) and 15(a)  t h e  folio> i n g  values may be obtained 
a t  t h e  base Reynolds number indices:  

-~ - _ _ ~ ~  ~~ 

J l4€  ue3- hvdr o R en 
~ -~ 

= 2.64 2 . 1 1  (P5/pl)base 

(Wa,1&/81)base = 166.1  lb/sec 142.5 lb/sec 

tl 
t 
C 
C 

Since the f l i g h t  condition selected i s  not a t  t h e  base Reynolds number 
index, the following corrections t o  these  parameters are necessary: 

From f igures  14(b) and 15(b) : 

Jp-4 f u e l  Gaseous hydrogen 

'5/'1 = 0.806 
('5/'1) b as e 

1.051 

1.040 

Multiplying by the  correct ions,  t h e  engine to ta l -pressure  r a t i o  and cor- 
rec ted  airf low can be obtained f o r  t h e  proper Reynolds number index: 

Jp-4 f u e l  Gaseous hydrogen 

P5/P1 = 2.128 2 .218  

w ~ , ~ & / S ~  = 148.2 lb/sec 148.2 lb/sec 

and 

P5 = 188 lb/sq f t  abs 196 lb/sq f t  abs 

= 6.71 lb/sec 6.71 lb/sec 
a, 1 W 

The mid-frame and aft-frame vent flows and t h e  turb ine  cooling flow amount 
t o  3.0 and 1.4 percent,  respect ively,  of t h e  i n l e t  airflow: 

W + w  = (0.030)(6.71) a,mv a, av 

= 0.20 lb/sec 

W = (0.014) (6.71) a, t c  

= 0.09 lb/sec 

F 
c 
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The airf low at  other engine s t a t ions  then becomes 

W a,3 = 6.71 - 0.20 - 0.09 

= 6.42 Ib/sec 

W = 6.71 - 0.20 
8 2 5  

= 6.51 lb/sec 

23 

These airflows are independent of t h e  f u e l  used. 

Compressor Performance 

To determtne the coqres so r  operating point,  t h e  matching between 
compressor and turb ine  m u s t  be known. 
turbine-  t o  compressor-inlet temperature r a t i o .  

This can be done by t h e  use of the 

From f igu re  5: 

T4/T1 = 4.69 

and 

4 s  = 2.166 

From f igu re  6, t h e  compressor eff ic iency and compressor-pressure-ratio 
parameters are: 

7, = 0.706 

and 

P2/Pl = 8.39 

The compressor temperature r a t i o  can then be calculated by use of t h e  
equation: 

Y 
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and 

The compressor-outlet conditions are:  

P2 = 742 lb/sq f t  abs 

T = 968O R 2 

Combustor Performance 

To determine combustion eff ic iency,  t h e  ca lcu la t ion  of t h e  combus- 
t i o n  parameter w T i s  necessary: a,3 6 

Jp-4 f u e l  Gaseous hydrogen 

10.7 x103 3 w T = 10.7X10 a,3 6 

From f igure  7 ,  

I+ 
P w 
0 

The engine temperature r i s e  

1217' R 0 
Tg - Ti = 1217 R 

From f igure  2 1  o r  reference 8 t h e  ideal f u e l - a i r  r a t i o  may be determined: 

(wf/36O0 ~ ~ , ~ ) ~ d  = 0.01705 0.00640 

Dividing by combustion e f f ic iency  t o  obtain a c t u a l  f u e l - a i r  r a t i o ,  

wf/3600 waJ5 = 0.01938 0.00780 

and 

wf = 454 lb/hr 183 lb/hr 

To determine t h e  combustor to ta l -pressure  loss, t h e  following s teps  are 
necessary. Because t h e  s m a l l  s h i f t  i n  t h e  compressor operat ing point  with 
change i n  fue l s  has been neglected, t h e  turb ine- in le t  pressure and temper- 
ature f o r  both f u e l s  w i l l  be ident ica l :  



‘1 

.. 

oo 0 0 0  0 0 0 0  oo 0 om0 0 oom 0 0  
0 0 0  0 . 0  0 0 0  0 0 0  m m  0 0  
o m m m  0 0 0 0  0 0 . 0  0 0 0  m m  
o m 0  0 0 oom 0 0 0  o o  0 0  

T4 = (4.69)(442.6) 

= 2076’ R 

The combustor temperature r a t i o  i s  

T4/T2 = 2.145 

From f i g u r e  8, * 

and 

Y 
n 
-3 

P4 = 707 lb/sq f t  abs 

Turbine Performance 

I n  order t o  determine tu rb ine  performance t h e  corrected turb ine  
speed must be calculated: . fi = 2.000 

N/& = 3050 r p m  

25 

The tu rb ine  Reynolds number index can then be determined from f i g u r e  10: 

tj4/.& = 0.066 

From f i g u r e  9, 
be determined: 

t h e  corrected turb ine  gas flow and turb ine  e f f ic iency  can 

wg,4F4B4/S4 = 40.5 Ib/sec 

vt = 0.720 

These values  are v a l i d  regardless of which f u e l  i s  used. 
to ta l -pressure  r a t i o  i s  

The turb ine  

Jp-4 f u e l  Gaseous hydrogen 

p4/p5 = 707/188 70 711 9 6 

= 3.76 3.61 
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From figure 9, the corrected turbine work is 

JP-4 fuel Gaseous hydrogen 
- 

~ - - - ~ -  

m/e4 = 28.5 Btu/lb 28.5 Btu/lb 

. 
- 

I 
t 
c1 
C 

Exhaust-System Performance 

To obtain the exhaust-nozzle total pressure, it is necessary to 
determine the tailpipe-pressure loss. To do this, the following steps 
are necessary: 

JP-4 fuel Gaseous hydrogen 

W = 6.51 + 454/3600 6.51 + 183/3600 
= 6.64 lb/sec 6.56 lb/sec 

g,5 

Tg = T6 = 1660' R 1660' R 

wg,5&/P5 = 1.439 1.364 

From figure 11, 

(P5 - Pg)/P5 = 0.037 0.028 

and 

Pg = 181 1b/sq ft abs 191 lb/sq ft abs 

The exhaust-nozzle pressure ratio is 

Pg/po = 3.12 3.29 

From figure 11, the exhaust-nozzle velocity coefficient is 

Cv = 0.985 0.985 

Over-All Engine Performance 

To calculate thrust, the effective velocity must be determined. 
To do this the following steps are neceessary: 
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From f igu re  22, t h e  r a t i o  of specif ic  heats  at t h e  exhaust nozzle i s  

Jp-4 f u e l  Gaseous hydrogen 

y9 = 1.327 1.333 

From f igu re  23 or  reference 6, t he  effect ive ve loc i ty  parameter can be 
found : 53 

The gas constant of t h e  exhaust products when using JP-4 f u e l  i s  very 
near ly  a constant and i s  normally considered t o  be 53.4 ft-lb/(lb)(OR). 
When using gaseous-hydrogen f u e l  t h e  gas constant of t h e  exhaust products 
va r i e s  with t h e  amount of f u e l  added (see f i g .  24): 

Ai 

P 

* 
1 

s R = 53.4 f t - l b ( l b ) ( % )  55.9 f t - lb / ( lb) (%)  

and 

- 
The e f f ec t ive  ve loc i ty  then becomes 

- Veff = 2358 f t / s ec  2454 f t / s ec  

and t h e  je t  t h r u s t  i s  

F .  = & C V  w 5  
J v eff 

= 479 l b  493 l b  

Subtracting the i n l e t  momentum, the  net th rus t  becomes 

= 317 l b  331 lb 

and t h e  spec i f i c  f u e l  consumption i s  

Wf/F, = 1.432 lb/(hr) 
(lb t h r u s t )  

0.553 lb/(hr) 
( l b  t h r u s t )  
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Since the exhaust nozzle i s  choked, t he  e f f ec t ive  exhaust-nozzle a rea  can 
be determined from t h e  to ta l -pressure  parameter of f i g u r e  25. If t h e  ex- I 

b s t  n o z z l e i s  not choked, t he  to ta l -pressure  parameter can be obtained 
from reference 5. 

~~~ _ ~ _  _ _ ~  ~ 

-- 
~ -- ~ 

JP-4 f u e l  Gaseous hydrogen 

and 

AIO,e = 2.86 Sq f t  2.74 sq f t  

REFERENCES 

1. Si lvers te in ,  Abe, and H a l l ,  Eldon W . :  Liquid Hydrogen as a Jet Fuel  
f o r  High-Altitude Aircraf t .  NACA RM E55C28a, 1955. 

2. Fleming, W. A.,  Kaufman, H .  R. ,  Harp, J. L. ,  Jr., and Chelko, L. J.: 
Turbojet Performance and Operation at High Alt i tudes with Hydrogen 
and Jp-4 Fuels .  NACA RM E56E14, 1956. 

3. G l a w e ,  George E. ,  Simmons, Frederick S., and Stickney, Truman M.:  
Radiation and Recovery Corrections and Time Constants of Several  
Chromel-Alumel Thermocouple Probes i n  High-Temperature, High-Velocity 
Gas Streams. NACA TN 3766, 1956. 

4. Prince, W i l l i a m  R . ,  and Wile, Darwin B.: 
pressor,  Turbine, and Combustor Components of X600-B9 Turbojet Engine. 
NACA RM E53118, 1954. 

Alt i tude Performance of Corn- 

5. Sivo, Joseph N . ,  and Fenn, David B .  : Performance of a Short Combustor 
a t  High Alt i tudes Using Hydrogen Fuel .  NACA RM E56D24, 1956. 

6.  Turner, L. Richard, Addie, Albert N . ,  and Zimerman, Richard H.:  
Charts for t h e  Analysis of One-Dimensional Steady Compressible Flow. 
NACA TN 1419, 1948. 

7.  English, Robert E.,  and Wachtl, W i l l i a m  W . :  Charts of Thermodynamic 
Propert ies  of Air and Combustion Products from 30O0 t o  3500' R .  
NACA TN 2071, 1950. 

8. Turner, L.  Richard, and Bogart, Donald: Constant-Pressure Combustion 
Charts Including Effects  of Diluent Addition. NACA Rep. 937, 1949. 
(Supersedes NACA TN's  1086 and 1655. ) 

. 



0 
M 
rl 
d( 

- NACA RM E56L05 29 

a 
F! 
d 



30 

k 
0 
[LI 
[LI 
a, 

k 0 
V 

NACA RM E56L05 . 

. 



. .. . 0 .  . . 
0 .  0 .  0 .  NACA RM E56L05 0 .  0.. . . . 0.. 0 .  

0 .  0.. . . . 0 .  0 .  . 0.0 . 0.0 .. 
0 . .  0 . .  0 . .  . 0 .  0 .  0 .  

W .J I . U  1.3 

Flight Mach number, % 
L . U  
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Figure 4. - Operating limits at flight Mach number of 0.8 and 
NACA standard altitude conditions. 



33 

Corrected engine speed, N/&, rpm 

Figure 5. - Relationship between turbine-inlet and -outlet tem- 
Valid for JP-4 and gaseous-hydrogen f'uels at a l l  perature. 

ccmpressor-inlet Reynolds number indices within the range 
investigated. 
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Figure 6. - Canpressor performance for range of ccmpressor-inlet Reynolds number index. 
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Figure 6. - Canpressor performance for range of ccmpressor-inlet Reynolds number index. 
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at military engine conditions 
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(d) Stall limit at flight Mach number of 0.8. 

. 

Figure 6. - Concluded. Compressor performance for range of compressor- 
inlet Reynolds number index. 



. 

..  
al 

8 
d 
U 

37 

i I 1 1 I 1 I I 1 I I 

3 4  6 8 10 20 30 40 60 80 io0 1sk103 
Combustion parameter, P2T2/V3, (lb)(%)(sec)/cu f't 

(b) Gaseous-hydrogen fuel. 

Figure 7. - Canbustion efficiency. 
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g~gure 9. - Turbine performance for r q e  of Reynolds  number index. 
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(a) Pumping map at Reynolds number index of 0.20. 

Figure 14. - Engine pumping characteristics using JT-4 f'uel. 
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(a) Pumping map at Reyaolds number index of 0.04. 
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(b) Pumping characteristic corrections 
for Reynolds number indices other than 
0.04 at constant engine total- 
temperature ratio and corrected engine 
speed. 

Figure 15. - Engine pumping characteristics using 
gaseous-hydrogen fuel. 
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(a) Altitude, 43,000 feet; compressor-inlet Reynolds number index, 0.30; mel, Jp-4. 

Figure 16. - Engine performance maps at flight Mach number of 0.80. 
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(a) Net thrust. 

Figure 19. - Low-altitude performance using JP-4 fuel. Engine 
speed, 6100 rpm; NACA standard atmosphere; 100-percent ram- 
pressure recovery. 
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Figure 19. - Continued. Low-altitude performance using JT-4 fuel. E h -  
gine speed, 6100 rpm; NACA standard atmosphere; 100-percent ram-pressure 
recovery. 
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Figure 19. - Concluded. Low-altitude performance using Jp-4 fuel. En- 
gine speed, 6100 rpm; NACA standard atmosphere; 100-percent ram-pressure 
recovery. 
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Figure 20. - High-altitude performance. Engine speed, 6100 rpm; NACA standard atmos- 
phere; 100-percent ram-pressure recovery. 
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Figure 20. - Continued. High-altitude performance. Engine speed, 6100 r p m ;  NACA 
standard atmosphere; 100-percent ram-pressure recovery. 
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Figure 20. - Concluded. High-altitude performance. 
Engine speed, 6100 rpm; NACA standard atmosphere; 
100-percent ram-pressure recovery. 
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(a) JP-4 fuel. Lower heating value, 18,700 Btu/lb; hydrogen-carbon ratio, 
0.171. 

Figure 21. - Ideal fuel-air ratio. 
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